The oxide-ion conduction mechanism in apatite-type lanthanum germanate, La 10 (GeO 4 ) 6 O 3 , was theoretically investigated by the nudged elastic band method based on the first-principles calculations and the kinetic Monte Carlo (KMC) method. The dominant conduction process is the cooperative mechanism along the c axis with the lowest potential barrier of 0.64 eV, which is not reported previously in the lanthanum germanate system. The other responsible process was a different type of cooperative mechanism connecting the fast conduction channels with the calculated potential barrier of 0.76 eV. The oxide-ion conductivity and apparent activation energy of 0.71 eV in the crystal was statistically estimated by KMC simulations, which is coincident with the experimentally measured oxide-ion conductivities.
Introduction
Apatite-type lanthanum germanate, La 9.33+0.67x (GeO 4 ) 6 O 2+x (0¯x¯1), is a promising candidate for electrolytes in solid oxide fuel cells (SOFCs) due to the excellent oxide-ion conductivity. The reported conductivity is higher than that of the typical oxide-ion conductor, Y 2 O 3 -stabilized ZrO 2 (YSZ), which enables the operating temperature of the SOFCs lower down to around 600°C. Figure 1 shows the crystal structure in the case of x = 0 [La 9.33 (GeO 4 ) 6 O 2 ]. There are crystallographically equivalent two La sites (La1 and La2), one Ge site, and four O sites (O1O4) in the crystal. The La1 site has 17% vacancies (V La ) to satisfy the charge neutrality condition, while the La2 sites are fully occupied. The GeO 4 tetrahedra are composed of the O1, O2, and O3 ions, and the remaining O4 ions are aligned on the c axis at even intervals to form the O4 columns. As the composition of x increases (x > 0), the La vacancies are more filled, and the interstitial oxide ions (O int ions) are simultaneously introduced to keep the charge neutrality. The occupancy of the La1 sites finally reaches 1 at x = 1, where every unit cell contains one O int ion. The off-stoichiometry from x = 0 is reported to enhance the oxide-ion conductivity drastically, 1), 3) which indicates the O int ions play a key role in the fast oxide-ion conduction.
1)5)
The O int sites in the crystal were both theoretically and experimentally determined, which are important as the starting point of the oxide-ion conduction. According to our recent work using first-principles calculations, the most stable O int site in La 10 (GeO 4 ) 6 O 3 (x = 1) is located at around the center between two neighboring GeO 4 tetrahedra forming Ge 2 O 9 units, and the energetically favorable region widely ranges around the central site.
5) The other theoretical and experimental studies also claimed that O int ions are stabilized between two GeO 4 tetrahedra, though the reported positions are slightly deviated from the center, depending on the composition x and presence of dopants and/or impurities. 6 ), 7) The oxide-ion conduction behavior in La 10 (GeO 4 ) 6 O 3 was also investigated by first-principles molecular dynamics (FPMD) simulations in our recent study, 5) which suggests that a cooperative conduction mechanism involving several oxide ions along the c axis is dominant. This mechanism is quite different from the previously-proposed mechanisms such as "fan-like mechanism" and "S N 2-type process" by MD simulations using empirical and semi-empirical interatomic potentials. 7), 8) There are several plausible reasons of the discrepancy in the conduction behavior, such as difference in computational method between first-principles calculations and MD simulations based on interatomic potential models, short MD simulation time (0.11 ns), and influence of La vacancies and dopants with various compositions. In fact, our previous FPMD simulation for the germanate was done only within hundred picoseconds, which is not long enough to conclude elementary conduction processes in the seemingly compli- Fig. 1 . The crystal structure of La 9.33 (GeO 4 ) 6 O 2 . Green, purple and red balls represent La, Ge and O ions, respectively. Ge ions form GeO 4 tetrahedra with O1, O2 and O3 ions, and O4 ions arrange along the c axis to form O4 columns. cated ionic conduction mechanism. In addition, the oxide-ion conduction analyses using the FPMD simulations have methodological difficulty in evaluating the individual migrating behavior and energy profiles for all possible conduction pathways because each ion-conduction events spontaneously and selectively occur in MD simulations.
In the present study, lanthanum germanate with the ideal composition of x = 1 was considered, and the fundamental oxide-ion conduction mechanism without the influence of La vacancies and dopants was investigated. The nudged elastic band (NEB) method based on first-principles calculations and the kinetic Monte Carlo (KMC) simulations were employed here, which can quantitatively evaluate energy profiles of all possible migration paths between adjacent O int sites and simulate the time evolution of the system for sufficiently long time.
9)11) Diffusion coefficients and ionic conductivities of oxide ions were finally estimated from mean square displacements of O int ions in the KMC simulations, to discuss dominant conduction processes, anisotropy in the conductivity, and effects of off-stoichiometry and dopants on the conductivity in the lanthanum germanate systems.
Computational methodology
All electronic structure calculations were based on the projector augmented wave (PAW) method implemented in the VASP code. 12) 16) The 5s, 5p, 6s and 5d orbitals for La, 4s and 4p orbitals for Ge, and 2s and 2p orbitals for O were treated as valence states in the PAW potentials. The generalized gradient approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof was used for the exchangecorrelation terms. 17) Electronic wave functions were expanded by plane waves up to a cutoff energy of 400 eV. The lattice parameters of the unit cell were calculated to be a = 9.8 ¡, b = 9.8 ¡, and c = 7.3 ¡ by structural optimization, which are in reasonable agreement with the experimentally reported values of a = 9.9 ¡, b = 9.9 ¡, and c = 7.3 ¡, respectively. 2+ was used as the host lattice with a 2 © 2 © 1 k-point sampling.
Energy profiles for all possible conduction pathways of O int ions were evaluated using the NEB method.
9) The stable O int sites in La 10 (GeO 4 ) 6 O 3 determined in our recent work were used as the initial or final states of O int migration.
5) The atomic positions of each image in the NEB method were optimized until the summation of atomic and spring forces were converged to be less than 0.05 eV/¡.
KMC simulation was performed using a mean jump frequency (¯) of each conduction path estimated from the potential barrier ("E) using the following equation:
where k B is the Boltzmann constant, T is the temperature, and¯* is a vibrational prefactor that was set to be 10 THz. Oxide-ion diffusion coefficients were evaluated by the following definitional equation for independent particles:
where x i means a particular direction in the crystal, and r xi;n and t n are the x i -component of the displacement vector and times after n-times jumps, respectively. 10) The KMC steps, n, were determined to 1 © 10 5 steps by carefully checking the convergence of the estimated diffusion coefficients. The trial was repeated 10,000 times at each temperature from 500 to 1500 K. From the evaluated diffusion coefficients, the oxide-ion conductivities were finally given by the following relations,
where B and 2e represent the mobility and charge of O int ions, · is the oxide-ion conductivity, and C is the concentration of O int ions. Calculated atomic structures were drawn with the VESTA program in the present study. 19) 3. Results
Oxide-ion conduction mechanisms
In order to investigate the oxide-ion conduction mechanism, it is necessary to find stable O int sites in the crystal lattice of La 10 (GeO 4 ) 6 O 3 . In this regard, the most stable O int site was theoretically determined in our recent first principles calculations, shown in Fig. 2 . The O int site is located at the center between two neighboring GeO 4 tetrahedra with the fractional coordinate (0.5, 0.5, 0), which has six equivalent sites per unit cell aligned at equal intervals in lines parallel to the c axis. The O int ion at the stable site forms a Ge 2 O 9 unit with two neighboring GeO 4 tetrahedra as shown in Fig. 2 
(b).
All possible conduction pathways connecting two adjacent O int sites and their energy profiles were evaluated on the basis of the NEB method in the present study. A few types of cooperative mechanisms involving several oxide ions were also taken into consideration in addition to the simple interstitial mechanism. Figure 3 shows the conduction pathways along the c axis by the interstitial and cooperative mechanisms and their energy profiles during the O int ion migrations. In the simple interstitial mechanism shown in Fig. 3(a) , the O int ion goes around a GeO 4 tetrahedron to directly move into the neighboring O int site with a large potential barrier of 1.27 eV [broken line in Fig. 3(c) ]. On the other hand, the cooperative conduction by two oxide ions at the O int and regular sites was considered as shown in Fig. 3(b) . In this process, the O int ion moves along the c axis and pushes the other oxide ion at the regular site into the neighboring O int site (Fig. 4) . The calculated potential barrier is 0.64 eV, almost a half in the interstitial mechanism [solid line in Fig. 3(c) ]. Therefore, repetition of this cooperative mechanism gives rise to the dominant long-range conduction pathway of O int ions along the c axis.
Secondly, oxide-ion conduction in the ab plane was investigated. Figure 5 shows conduction pathways connecting the fast conduction channels found along the c axis. The conduction process by the simple interstitial mechanism between the neighboring O int sites in the ab plane is shown in Fig. 5(a) . In this process, the migrating O int ion directly migrates to the neighboring O int site, when the calculated relative energy is high [2. 55 eV at the image number 5, see along the c axis. On the other hand, in the cooperative migration process involving three oxide ions at one O int site and two regular sites [see Fig. 5(b) ], the O int ion firstly pushes an oxide ion at a regular site in the same Ge 2 O 9 unit toward the neighboring GeO 4 tetrahedron. The oxide ion pushed out from the Ge 2 O 9 unit occupies the regular oxide-ion site of the adjacent GeO 4 tetrahedron, and the other regular oxide ion instead goes to the nearest O int site. Although this cooperative migration by three oxide ions is complicated, the potential barrier is down to 1.17 eV for the inter-channel oxide-ion conduction in the ab plane, and yet the potential barrier is still much higher than that along the c axis.
According to the above results, it seems that La 10 (GeO 4 ) 6 O 3 has strong anisotropy of oxide ion conduction along the c axis. In our previous FPMD simulations, however, a different kind of the inter-channel conduction pathway in the ab plane was also observed, as shown in Figs. 6 and 7.
5) This pathway is the cooperative migration process involving four oxide ions at one O int , one O4, and two regular sites in GeO 4 tetrahedra, which can be termed as "multi-oxide ion cooperative mechanism". In this process, the O4 ion adjacent to the O int ion first moves out of the O4 column to form a GeO 5 unit [ Fig. 7 (ii)], and an oxide ion at the regular site subsequently moves into the O4 column [ Fig. 7(iii) ]. Then, the formed GeO 5 unit simultaneously becomes a Ge 2 O 9 unit with a neighboring GeO 4 unit and the original O int ion occupies the regular site [ Fig. 7(iv) ], finally to complete the O int ion migration. This complicated process has a metastable state, when two GeO 5 units are temporarily formed as shown in Fig. 7 (ii). The calculated potential barrier for this process is 0.76 eV, which is much lower than those of the interstitial and cooperative mechanisms shown in Fig. 5 . Therefore, the multi-oxide ion cooperative mechanism via O4 columns is the dominant route connecting the fast channels along the c axis.
Oxide-ion diffusivity and conductivity
Oxide-ion diffusion simulations were performed based on the KMC method to estimate the oxide-ion conductivity in La 10 -(GeO 4 ) 6 O 3 . Here, the cooperative mechanisms along the c axis and via the O4 column were taken into consideration, which have low potential barriers below 1 eV. Figure 8 shows the oxide-ion conductivities along the c axis and in the ab plane. The apparent activation energies are 0.67 and 0.75 eV along the c axis and in the ab plane, respectively, which are almost equal to the potential barriers of the cooperative mechanisms along the c axis and via the O4 column, respectively. The average conductivity, corresponding to the conductivity of randomly-oriented polycrystals, is also shown in the figure, whose apparent activation energy is 0.71 eV.
Though the conductivity is almost isotropic due to the multioxide ion cooperative mechanism via the O4 column, the conduction along the c axis is dominant in this temperature range, especially at low temperatures. Table 1 shows event rates of the conduction processes along the c axis and via the O4 column at 500, 1000 and 1500 K. In the conduction process via the O4 column with a metastable state, there are four elementary steps [See Fig. 6(c) ], i.e., (i) from the initial state to the metastable, (ii) from the metastable back to the initial, (iii) from the metastable to the final state (equivalent to the initial state), and (iv) the final to the metastable. The calculated potential barriers of these steps with reference to the initial states are shown in the figure. The difference between event rates of the conduction processes in Table 1 results from the difference in the mean frequency of each step estimated from the calculated potential barrier. The steps (i) and (ii) show high rates, as compared to the others, but the two processes are the back-and-forth state transitions between the initial and metastable states, not contributing to the long-range conduction. Therefore, the steps (iii) and (iv) are notable in the cooperative mechanism via the O4 column, whose event rates should be compared with the event rate by the cooperative mechanism along the c axis. At 500 K, the total event rate of steps (iii) and (iv) is one-order of magnitude lower than that along the c axis, which means the cooperative mechanism along the c axis is dominant. With increasing the temperature, the difference in mean frequency between the five elementary steps decreases according to Eq. (1), resulting in the comparable event rates and almost isotropic conductivity at 1500 K.
Discussion 4.1 Potential barrier height
The calculated potential barrier heights are quite different depending on conduction processes, e.g., "along the c axis vs. in the ab plane" and "interstitial vs. cooperative mechanisms". The origins of the difference are qualitatively discussed hereafter from the viewpoints of chemical bond and change in local structure. Particularly, GeO bonds and electrostatic repulsive interaction of adjacent O ions during the conduction paths between the neighboring O int sites are focused on.
The importance of GeO bonds can be remarkably recognized in the difference between the two interstitial mechanisms between O int sites along the c axis and in the ab plane. Figures 9(a) and 9(b) show the changes in GeO int distance and the energy profiles during an O int ion migrating by the two mechanisms. In the interstitial mechanism along the c axis, the GeO int distance is initially 2.06 ¡ at image 0 and decreases down to 1.90 ¡ at the middle state (image 5) to form a GeO 5 hexagonal unit, which means the GeO int bond is kept throughout the migration. By contrast, the maximum GeO int distance in the interstitial mechanism in the ab plane is as long as 2.46 ¡, which corresponds to the Ge O int bond breaking. The non-bonding interaction between Ge ions and the migrating O int ion results in the extremely high potential barrier, 2.55 eV.
Another key factor, the repulsive interaction between O ions, is correlated to the difference in potential barrier between the simple interstitial mechanisms and the cooperative mechanisms. Figures 10(a) and 10(b) show the first and second nearest OO distances at each image along the c axis in the interstitial and cooperative mechanisms, respectively. In the case of the interstitial mechanism, the migrating O int ion is gradually approaching to neighboring oxide ions, and the OO distances become shortest in the middle state (image 5) with the highest potential energy. The cooperative mechanism shows the same tendency, in which the maximum-energy state (image 4) has the shortest OO distances. However, the cooperative mechanism shows lower potential barrier than that of the interstitial mechanism because the OO distances of the first-(1NN) and second-(2NN) nearest neighbor are totally maintained constant during the cooperative process, in contrast to the short OO distances of the 1NN and 2NN during the interstitial mechanism. Therefore, such the cooperative mechanisms tend to have less effect of OO repulsions Fig. 7 . The snap shots of the conduction process. The purple, orange, gray, black balls represent oxide ions with large displacements during the conduction process. The (ii) and (iii) snapshots correspond to the metastable state (image 5) and the highest energy state (image 7), respectively. O int and O reg denote the interstitial and regular sites, respectively, and the arrows show the directions of mobile oxide ions during the migration process. Table 1 . Event rates of the conduction processes along the c axis and via the O4 column at 500, 1000, and 1500 K
Temperature
Along c axis Via O4 column (i), (ii), (iii) and (iv) in the table correspond to the four elementary steps in the conduction process via the O4 column in Fig. 6(c) . and show lower potential barriers than the interstitial mechanisms in this system.
Comparison with previously-proposed conduction mechanisms
Several oxide-ion conduction mechanisms in the lanthanum germanate systems were theoretically proposed before. For instance, the MD simulation by Kendrick et al. proposed the simple interstitial mechanism, so-called "fan-like mechanism", along the c axis with activation energy of 0.79 eV. 8) However, the same interstitial mechanism [ Fig. 3(a) ] has higher potential barrier of 1.27 eV in the present study, which may result from the difference in computational technique, i.e., MD simulations based on ionic interatomic pair potentials vs. first-principles calculations. Instead, the cooperative mechanism along the c axis has the lowest potential barrier of 0.64 eV in the present study, corresponding to the dominant conduction process in this system. In another instance, Panchmatia et al. proposed the cooperative migration mechanism, "S N 2-type process" in the ab plane from MD calculations using empirical interatomic potentials. 7) In combination with the formation process of O4 Frenkel defect, the S N 2-type process seems almost identical to the multi-oxide-ion cooperative mechanism via the O4 column shown in Figs. 6 and 7. However, it should be noted that the two processes are not independent in this system, because the formation energy of an O4 Frenkel defect is 0.93eV in our calculations, which is higher than that around the O int ions (0.60 eV). In other words, only O4 ions neighboring to O int ions readily move out of the columns, and the O int ions immediately occupy the formed vacancies at the O4 sites. Therefore, it is reasonable to consider the two processes, i.e., the SN2-type process and the O4 Frenkel defect formation, as a sequence of conduction processes.
It is also interesting to make a comparison with the other apatite-type oxide-ion conductor, lanthanum silicate [La 9.33+0.67x -(SiO 4 ) 6 O 2+x ]. The most stable O int site is located in the periphery of the O4 column, which was clarified by both theoretical and experimental techniques. 20)24) In addition, an O int site similar to the most stable site in the germanate system was reported as a metastable O int site by Matsunaga et al. 20) , 24) The difference in the most stable site leads to different conduction behavior of oxide ions between the silicate and germanate systems. The dominant conduction pathways in the silicate were reported to be several interstitial and cooperative mechanisms in the O4 column along the c axis, so-called "sinusoidal-like pathway" and "push-pull type mechanism", which are totally different from the most dominant conduction pathways along the c axis not through the O4 column in the germanate. "S N 2-type process" was also proposed as the inter-channel conductions connecting the fast channels along the O4 column in the silicate, 24) which has found as the similar process in the germanate. Thus it is noteworthy that the two apatite-type oxide-ion conductors have completely different conduction mechanisms due to the difference in stable sites in spite of the same crystal structure.
Comparison with reported conductivities
The oxide-ion conductivity of La 10 (GeO 4 ) 6 O 3 was experimentally investigated, 1),25),26) which exhibits abrupt change in slope around 1000 K in the Arrhenius plots. The origin is considered to be the second-order phase transition from the hexagonal hightemperature phase to the triclinic low-temperature phase. The apparent activation energy is 0.65 eV at high temperatures over 1000 K, while 1.80 eV in the range of temperatures from 750 to 1000 K. The calculated conductivity in the present study corresponds to the high-temperature phase because the hexagonal host lattice was used throughout our computational analyses. The apparent activation energy of the average conductivity estimated by the KMC simulation is 0.71 eV, which is in reasonable agreement with the corresponding experimental activation energy. Not only the activation energies, the quantitative values of the computational and experimental conductivities are also comparable in the same order of magnitude, e.g., 5.5 © 10 ¹1 S/cm (compt.) vs. 1.4 © 10 ¹1 S/cm (expt.) at 1200 K. 1) Concerning the difference in conductivity between along the c axis and in the ab plane, Nakayama et al. recently investigated it by the conductivity measurements using the single crystal.
4)
The reported conductivity is almost isotropic in the range of 573 1073 K, in contrast to the large anisotropic conductivity with twoorders of magnitude difference in the silicate systems.
4) The reported c-axial conductivity is slightly higher than that in the ab plane at low temperatures in spite of the isotropic conductivity at high temperatures, which is the same trend as our calculated slightly-anisotropic conductivity shown in Fig. 8 .
The effects of La vacancies and several dopants on the oxideion conductivity were also investigated experimentally. Abram et al. measured the conductivities of the lanthanum germanate at two compositions [x = 0, 0.34 in La 9.33+x (GeO 4 ) 6 O 2+x ] containing different concentrations of La vacancies. 25) These show comparable conductivities and apparent activation energies around 0.8 eV in the high-temperature range. The reported activation energies are slightly higher than that in the present study, which is probably attributed to the change in local environments around La vacancies. On the other hand, cation doping on the La site was reported to bring about drastic improvement of the conductivity at low temperatures. The doping lowers the phase transition temperature from the hexagonal to the triclinic, so that the gradual conductivity slope in the high-temperature phase expands towards the low-temperature region.
1) Pramana et al. reported that the apparent activation energies of conductivity curves of La 9 M(GeO 4 ) 6 O 2.5 (M = Ca, Sr, Ba) are 0.70, 0.71, and 1.01 eV in the hexagonal high-temperature phase, respectively. 26) In comparison with the calculated apparent activation energy of 0.71 eV in the ideal system of La 10 (GeO 4 ) 6 O 3 , Ca and Sr ions should be ideal dopants in terms of little effect on the oxide-ion mobility with stabilization of the high-temperature hexagonal phase.
Conclusions
The oxide-ion conduction mechanisms in lanthanum germanate without influence of La vacancies were theoretically clarified by quantitatively evaluating the potential barriers of possible migration pathways and the oxide-ion conductivity. It was found that the cooperative mechanisms have lower potential barriers than the simple interstitial mechanisms, due to less influence of repulsive interactions between oxide ions. The calculated potential barrier by the cooperative mechanism along the c axis was 0.64 eV, which was the lowest in all the conduction pathways. The estimated oxide-ion conductivity by the KMC simulations is almost isotropic, because another type of cooperative mechanism via the O4 column also has relatively low potential barriers (0.76 eV) contributing the oxide-ion conduction in the ab plane. The apparent activation energy of the averaged conductivity is 0.71 eV, which is in good agreement with the previous experimental value.
